Taurine, a sulfur-containing free amino acid, is widely distributed in the animal kingdom. According to HUXTABLE (1992) , electrically excitable tissues and secretory organs usually show high concentration of taurine; among the brain tissues of examined mammals, highest levels of taurine content have been found in the pituitary gland, pineal organ (LABELLA et al., 1968; VELLAN et al., 1970; NIR et al., 1973) and retinal photoreceptor layer (ORR et al., 1976; VOADEN et al., 1977) .
The possible functions of taurine suggested concerning the retinal tissue (LOMBARDINI, 1991) were: 1) protection of photoreceptor outer segments; 2) regulation of Ca2+ transport; and 3) regulation of signal transduction. In the pineal organ of the rat, in contrast, taurine content was found higher at mid-day than during night (NIR et al., 1973; MCNULTY et al., 1992) and inhibition of the release and/or synthesis of melatonin has been proposed as a possible role of taurine (BASKIN and DAGIRMANJIAN, 1973) .
Cellular localization of taurine in the retinal tissues has been investigated using Immunocytochemical methods (LAKE, 1989 (LAKE, , 1994 LAKE and VERDONE-SMITH, 1989; Pow, 1994; DECK et al., 1995; MARC et al., 1995) . High levels of taurine immunostaining were found in the outer and inner segments and synaptic terminals of some photoreceptor cells; lower levels of immunostaining were reported in the apical processes of pigment epithelium and distal parts of glial cells (LAKE and VERDONE-SMITH, 1989; Pow, 1994) . The taurine localization, however, is scarcely known in the photoneuroendocrine pineal organ, except in the case of the pigeon (DECK et al., 1995) and rat (MCNULTY et al., 1992) .
Taurine in marine fish is known to act as a major osmolyte (HUXTABLE, 1992) and has been demonstrated in different tissues including dark muscle, liver and gonad (SAKAGUCHI et al., 1982; SATO, 1990 
MATERIALS AND METHODS
Adult ayu, Plecoglossus altivelis, were purchased from a local aquaculture pond in the suburbs of Toyota City, and kept in the laboratory aquarium under 12L-12D photoperiod for one month. Under light adaptation during daytime, the animals were deeply anesthetized with 1/2000 FA 100 (Tanabe) and perfused intracardially with 2.5% glutaraldehyde in 0.1 M cacodylate buffer containing 0.06M MgCl2. After postfixation in 1% OsO4 in 0.1M cacodylate buffer for 90min, the specimens were dehydrated and embedded in epoxy resin.
The method of preparation and characterization of the taurine antibody has been described in detail by LAKE and VERDONE-SMITH (1989) ; the antiserum was evaluated using ELISA (enzyme-linked immunosorbent assays). This antiserum, diluted to 1:500 in PBS containing 2% BSA (bovine serum albumin), was used on semi-thin sections (0.5-2um) for light microscopic immunocytochemistry after etching with KOH-methanol-propylene oxide mixture (MAXWELL, 1978) . For visualization, the streptavidin-biotin-horseradish peroxidase (HRP) complex method (Amersham) was used, with intensification by nickel ions for diaminobenzidine (DAB) reaction. The secondary antibody (biotinylated goat anti rabbit IgG, 1/200 in PBS plus 2% BSA) was followed by streptavidin conjugated HRP (1/400 in PBS plus 2% PBS). Between all steps, the tissues were throughly washed with PBS buffer plus Triton X-100.
Control immunocytochemical sections were processed either by substituting PBS containing 2% BSA for the primary antibody, or by using antisera which had been preabsorbed with taurine conjugated via glutaraldehyde to BSA. For ultrastructural studies, the immunogold method ( VAN DEN POL, 1989 ) was utilized after etching in 3% hydrogen peroxidase.
RESULTS

Light microscopic observations
The strongest taurine-like immunostaining appeared in the photoreceptor outer segments of the pineal organ of the ayu (Figs. 1-3). Other parts of the pineal receptor cells were weakly or faintly stained. A moderate but definite immunoreactivity also appeared in the cytoplasm of irregularly extended processes of the glial supporting cells. This immunostaining rendered the outline of photoreceptor cells clearly visible (Figs. 2, 3 ).
In the retinal tissue of the ayu, extremely heavy immunostaining appeared in the outer segments of some types of cones: the thin/longer and regular cone-like outer segments . Most other types of cones and rods showed moderate immunostaining not only in the outer and inner segments but also in the nuclear region (Figs. 6, 7) . Intense immunostaining appeared also in the deeply extended apical processes of the pigment epithelial cells (Figs. 8, 9 ). The inner layer of the retina was faintly stained, except for the unstained horizontal cells (Figs. 4, 5) .
Control sections treated with a medium without the primary antibody or using an antiserum preabsorbed with taurine were not stained at all (cf. Fig.  16 ).
Electron microscopic observations
The light microscopic findings were mostly confirmed at the ultrastructural level with the immunogold method according to VAN DE POL (1989) .
However, the lamellar membranes of the pineal photoreceptor outer segments were frequently free of immunogold particles (Figs. 10, 11 ). In contrast, most areas of the cytoplasm rich in ribosomes, microfilaments and mitochondria were highly labeled with immunogold both in photoreceptors and supporting cells . The basal processes of photoreceptors containing the synaptic regions with synaptic vesicles and ribbons were faintly labeled with immunogold (Fig. 12) .
The deeply extended microvilli-like processes of retinal pigment epithelial cells were intensely immunostained, the results coinciding with the light microscopic findings; immunogold was well bound to the longitudinally sectioned microtubules . The ellipsoid of the inner segments characterized by a concentration of mitochondria represented a higher immunolabeling than the lamellar membranes of the photoreceptor outer segments (Figs. 17, 18 ). Cytoplasmic areas rich in rough endoplasmic reticulum and/or polyribosomes were intensely labeled both in the photoreceptor and pigment epithelial cells (Figs. 17-20) . The synaptic regions of the retinal outer plexif orm layer revealed much lower immunogold localization, similar to the pineal neuropil.
Figs. 1-3. Light micrographs indicating taurine immunostaining in the pineal organ of the ayu Plecoglossus altivelis. Fig. 1 . Lower magnification of the right half from the frontal section of pineal parenchyma including its stalk (large arrow) and lumen (small arrows). 
DISCUSSION
In many species of marine invertebrates and marine fish, taurine concentration is the highest among the pool of free amino acids (SIMPSON et al., 1959; ALLEAN and GARRET, 1971; SATO, 1990) . Taurine in marine invertebrates and fish is known to act as a major osmolyte (HUXTABLE, 1992) ; the potential role of taurine is found in renal and other osmoregulation processes (LANGE, 1963; ALLEN and GARRET, 1971; KING et al., 1982; FUGELLI and THOROED, 1986; FUGELLI et al., 1995) . Considering the high concentration and role of taurine in marine fish, the ayu Plecoglossus altivelis, an anadromous fish possessing a lif espan of one year, and migrating to sea in autumn and returning to rivers in spring, was chosen for this study.
As mentioned elsewhere (OMURA, 1980 (OMURA, , 1984 OMURA et al., 1969; OMURA and OGURI, 1971, 1991) , the pineal parenchyma of the ayu is composed of well-constituted photoreceptors, supporting cells and nerve cells. The outer segments of pineal photoreceptors indicate structural features similar to retinal photoreceptors of higher vertebrates, although they dramatically change their appearance within their lifespan of one year (OMURA et al., 1969; OMURA and OGURI, 1971) . The supporting cells, exhibiting an electron-dense cytoplasm, possess irregularly extended cytoplasmic processes which surround the perikarya of the photoreceptors and the pineal nerve cells.
In correspondence to such histological features of the fish pineal organ, in the present investigation, the immunoreactivity for taurine appeared intensely in the outer segments of pineal photoreceptors and moderately in the cytoplasmic processes of supporting cells. This strong immunoreactivity has previously been demonstrated in the so-called dark pinealocytes of the pigeon (UECK et al., 1995) . In contrast, a uniform distribution of taurine within pinealocytes, glia, and sympathetic fibers has been reported in the pineal gland of the rat (MCNULTY et al., 1992) .
In the present study, only the outer segments of some types of retinal cone cells were intensely labeled, while those of other cone and rod cells were faintly stained. According to LAKE and VERDONE-SMITH (1989) , however, taurine-like immunoreactivity is intense in the inner segments and synaptic terminals of most rod cells in rat retina and in the outer and inner segments of cone cells in guinea pig retina. In the cone dominated retina of the pigeon, in addition, the most intense taurine immunoreactivity is demonstrated in the outer and inner segments, and the perikarya and terminal endfeet of the cone cells (DECK et al., 1995) .
It is known that the release of taurine from frog rod outer segements is induced by light (SALCEDA et al., 1977) . Less intense taurine immunoreactivity found in the rod outer segments of the ayu might depend on the fixation process under light adaptation. In agreement with the view by LOMBARDINI (1991), the present results of the light microscopic immunolocalization of taurine in the pineal and retinal photoreceptors suggest a role based on the shielding effects of taurine on the outer segments exposed to toxic levels of light and chemicals (PASANTES-MORALES et al., 1981; CRUZ, 1984, 1985) .
Another possible function of taurine in the pineal and retinal tissues may be involved in the modulation of signal transduction (LOMBARDINI, 1991) . Taurine reportedly possesses an inhibitory effect on protein phosphorylation which modulates and/or regulates synaptic transmission in the outer plexiform layer. The biochemical finding of large quantities of taurine from the photosensitive pineal organ of the rainbow trout has been discussed as an inhibitory transmitter (MEISSL et al., 1978) . In the present electron microscopic observation, however, immunogold particles could only poorly be localized in the synaptic region both in the pineal organ and in the retinal outer plexif orm layer.
In the present study, a moderate but definite immunoreaction was found in the pineal supporting cells and retinal pigment epithelial cells both at light and electron microscopic levels. These pineal and retinal epithelial cells are involved in the haemal
Figs. 4-9. Lower (Figs. 4 and 5) and higher (Figs. 6-9) light micrographs indicating taurine-immunostaining of the photoreceptor and pigment epithelial layer of the retina of the ayu Plecoglossus altivelis. Except for the horizontal cells (H), overall the retinal tissue shows intense, moderate or faint immunostaining. Intense immunostaining appears in the thin/longer (large arrows, Figs. 6 and 7) and regular cone-like (large arrows, Figs. 8 and 9) outer segments; the ellipsoids (e) of cone-like cells are situated at the inner side, compared with those of rod cells (asterisks, Fig. 7) which are situated at the outer layer. The outer segments of regular rod cells show moderate immunostaining (see small arrows, Fig. 7) . At light adaptation, the pigment granules from the pigment epithelial cells deeply migrate into the regular cone ellipsoid layer (Figs. 8 and 9 ). ch Choroid membrane, C cone outer segment, on outer nuclear layer, PE pigment epithelium, R rod outer segment. immunostaining, immunogold labeling occurs more strongly in the photoreceptor inner segments (is), which are rich in mitochondria (m), ribosomes, endoplasmic reticulum, than on the lamellar membranes of the outer segments (os, Figs. 10 and 11) . Areas containing synaptic vesicles (small arrows) and ribbons (sr) appear to be less immuno-reactive than areas containing bundles of microfilaments (mf) located in synaptic regions (Figs. 12 and 13 ). The basal region of the pineal parenchyma, mostly occupied by supporting cells (S), is well labeled with immunogold particles (Figs. 14 and 15), but the multi-layered basal lamina (indicated by arrows) lining the basal end of pineal parenchyma is nearly free of the particles. Fig. 10 : x19,000, Fig. 11: x41, 000, Figs. 12 and 13: x57, 000, Fig. 14: x18, 000, Fig. 15: x40, 000 milieu, i. e., the pineal microvascular and the retinal choroid vascular system on the side, and the epithelial photoreceptor cells on the other side. The involvement of taurine in the transport of nutrients from the blood to the retina by the retinal pigment epithelium has been demonstrated during rat development (SALCEDA and SALDANA, 1993) . Considering the mechanical movement of taurine suggested by LOMBARDINI (1991) , in the pineal supporting cells and retinal pigment epithelial cells, taurine may possibly interact with membrane phospholipids to alter their calciumdepending properties and influence transport processes of nutrients and metabolites in this way.
In spite of its ubiquitous distribution in animal tissues, the conspicuous labeling with the taurine antibody may be useful for the marking of photoreceptor cells. Previously, specific labeling of the pineal and retinal photoreceptor cells has been attained using antibodies against photoreceptor-specific proteins, such as rhodopsin, S-antigen (arrestin), a-transducin (GTP-binding protein), and cone-specific proteins (VIGH-TEICHMAN et al., 1982 , 1983 OSTHOLM et al., 1987 OSTHOLM et al., , 1988 KORF et al., 1989; KORF and WICHT, 1991; ROHLICH et al., 1989; SZEL et al., 1994) . In addition, the cytochemical labeling with some lectins has also been used to distinguish the retinal photoreceptor types (BLANKS and JOHSON, 1983; MEINIEL and MEINIEL, 1985; HAGEMAN and JOHNSON, 1986; ROHLICH et al., 1989; ISHIKAWA et al., 1989; NAKAYAMA and FURUYA, 1991) and the pineal and retinal photoreceptor cells during embryonic and larval developmental periods (OMURA and OGURI, 1993) .
Although the present light microscopic immunostaining with taurine antibodies demonstrated a strong immunoreactivity in the photoreceptor outer segments, ultrastructural localization of immunogold particles was unsuccessful in the lamellar membranes of photoreceptor outer segments both in the pineal organ and the retina. This discrepancy between light and electron microscopic immunostainings may be due to methodological properties; it may depend on the binding site and/or interaction of taurine with the lamellar membrane of outer segments. In comparison with large molecular photoreceptor specific proteins constituting the lamellar membrane, the free amino acid, taurine is a small inert molecule. As demonstrated previously in the pigeon pinealocytes and retinal photoreceptor cells (UECK et al., 1995) , the intracellular taurine may be more easily preserved and detected as it is tightly associated with protein macromolecules.
The physiological role of taurine in the pineal organ and retina of fish is still undetermined. According to the present results of light and electron micro- 
